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ABSTRACT To investigate actions of to interfacial polarization which is above -70°C. This suggests a visco-
water in keratin, the piezoelectric, strongly related to self-associated wa- elastic transition of the keratin structure
dielectric, and elastic constants are ter molecules (particularly regime Ill due to bound water (regimelI water).
measured at 10 Hz, at temperatures water) just around crystalline helical The piezoelectric, dielectric, and
between - 160 and 1500C, and at regions which can exhibit the stress- elastic loss peaks are found at around
various hydration levels. induced, i.e., piezoelectric, polarization - 1200C for hydrated keratin, believed
From changes in the piezoelectric, and may be attributed to electrode to be due to tightly bound water (re-
dielectric, and dynamic mechanical polarization induced by the increase of gime water), which acts only to stiffen
parameters with moisture content mobile ions in the amorphous matrix the keratin structure.
(m.c.), we have identified three regimes region, some of which would be The adsorption regions of water in
(1, 11, and 111) in the hydration of water for released from their trapped states just keratin are discussed by a piezoelect-
keratin. around the piezoelectric phase by the ric two-phase model, which consists of
At high hydration (21% m.c.) around regime Ill water. piezoelectric and nonpiezoelectric
00C, the piezoelectric constants for With increasing hydration, the elastic phases. It is proposed that water mole-
keratin steeply decrease with increas- constants for keratin are found to cule would at least adsorb in the non-
ing temperature. This may be attributed increase below -700C and decrease piezoelectric phase.
INTRODUCTION
Keratin has been shown to have a composite structure in The elastic properties of hydrated keratin were investi-
which filaments or microfibrils are embedded in a ground gated with the tortional measurements. Speakman (10)
substance or matrix. The microfibrils are -72-76 A in and Druhala and Feughelman (11) measured hydration
diameter and spaced -86.5-97.5 A apart (1). X-Ray and temperture dependence of the rigidity of keratin to
analysis and electron microscopy have demonstrated the discuss actions of water in it. Menefee and Yee (12) found
existence of an axial repeat of 200 A in the microfibrils an elastic loss peak due to water molecules in wool.
(2). The microfibrils further have been indicated to have Fukada et al. (13) measured the piezoelectric constants
a helical symmetry by low angle x-ray diffractions (3). of horn keratin and found that they are greatly influenced
The major constituent of the microfibrils is believed to be by water.
low-sulfur proteins. The matrix is considered to be less Lynch and Marsden (14, 15) investigated the mobility
ordered and at least globular in nature. The constituent is of water molecules in keratin by NMR spectroscopies,
believed to be high-sulfur proteins (4). and they supported a five-phase model of bound water
The interaction of water with keratin has been exten- proposed by Feughelman and Haly (16).
sively investigated by many. Feughelman (17) first proposed a two-phase model of
King (5) and Algie (6) found that the increase of the keratin to explain the mechanical behavior, such as
dielectric constants of hydrated wool is due not only to swelling and tortional properties. Further, Feughelman
adsorbed water but also protein itself. Algie et al. (7) and Haly proposed a series-zone model (18) accounting
further found dielectric loss peaks due to water for wool, for the postyield region of the load-extension curve, and
and discussed the molecular mechanism of the dielectric afterwards Feughelman (19) improved the model by
relaxation. using an x-ray model for the microfibril proposed by
Algie (8) and Algie and Watt (9) studied the effect of Fraser et al. (2).
changes in the relative humidity on the electrical conduc- Possible adsorption regions of water molecules in kera-
tivity of wool fibers and found that the variation of tin are proposed from x-ray diffraction studies by Heide-
conductance can be considered in three stages corre- mann and Halboth (20), Fraser et al. (2), and Spei and
sponding to three ranges of water content. Zanh (21, 22), but two different regions for water adsorp-
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tion are proposed, one is amorphous matrix and the other
is microfibrils.
The main purpose of the present paper is to systemati-
cally reexamine adsorption sites of water and their actions
in keratin by use of piezoelectric, dielectric, and elastic
measurements. It should be noted that elastic and dielec-
tric measurements can provide averaged mechanical and
electric properties of specimens as a whole, but the
piezoelectric measurements can separately provide the
electromechanical information about the crystalline
regions and about the amorphous regions surrounding
them. We consider that the piezoelectric polarization can
be induced by a deformation of uniaxially aligned
a-helical portions in the microfibril. Thus, we hoped to
get some information on the adsorption sites for water in
keratin.
y
FIGURE 1 Orthogonal coordinates assigned to the specimen. Z-Axis is
the orientation axis of fibers, Px is the polarization to the x-axis, and
Tyz is the strain or stress in the yz plane.
samples of horn keratin were obtained by dialyzing them in distilled
water.
MATERIALS AND METHOD
Calf horn was used as keratinous substance in the present investigation.
The typical dimensions of the samples for piezoelectric and dielectric
measurements were 15 x 10 x 0.5 mm. The direction of the long side of
the samples is at 450 to the orientation axis of keratin fibers so as to
measure the piezoelectric coefficients dM4 and e14, which are the coupling
between a polarization Px in the x-direction and a shear stress and strain
Tyz in the yz-plane respectively, as shown in Fig. 1. (For simplicity, the
subscript 14 and negative sign of e and d are omitted, and hence the
notations e and d are used instead of - e14 and - d14, respectively,
throughout this paper.)
Typical size of the sample for the dynamic mechanical measurements
is 20 x 2 x 0.1 mm and the direction of the long side of the sample is
parallel to the orientation axis of the fibers.
In the present work, the complex piezoelectric constants (d =
d' - id", i.e., the electric polarization per unit stress, and e e' - ie",
i.e., the electric polarization per unit strain, in the short-circuited
condition for electrodes on both surfaces of the specimen), the complex
elastic constant (c = c' + ic"), and the complex dielectric constant
= e' - i * e") were carried out at 10 Hz and at temperatures between
-1 600C and room temperature or 1 500C.
The apparatus used to measure the piezoelectric, dielectric, and
elastic constants was described elsewhere (23). The sample is vibrated
by a driver activated by a.c. current through the coil. The stress and
strain of the sample are detected by a load cell and a nonbonded strain
gauge, respectively. The outputs of these transducers were amplified
and led to an operational circuit (OC) to determine the complex elastic
constant, c = c' + ic". The OC is designated to automatically determine
the complex response functions by using a null-balancing system which
consists of a null detector, a charge amplifier, integration type-phase
sensitive detectors, and sample and hold circuits. The piezoelectric
charge on the short-circuited electrodes of the sample and the amplified
output from the load cell or the strain gauge are both led to the OC to
determine the complex piezoelectric constant d d' id" or e e'
ie". The dielectric charge occurring on the electrodes and the applied
electric voltage are also led into the OC to determine the complex
dielectric constante = f' - iu".
The resolution of both real and imaginary parts of the dielectric,
piezoelectric, and elastic constants are within ±0.1%. The experimental
error of the four kinds of constants c, d, e, and e are within ± 2%.
Hydration levels were varied by equilibrating the samples at 250C in
desiccators containing different saturated salt solutions. Deionized
Fig. 1 shows the orthogonal coordinates assigned to the
specimen. The z-axis is the orientation axis of fibers, Px is
the polarization to the x-axis, and Tyz is the strain or
stress in the yz plane, respectively.
Fig. 2, a and b, shows the piezoelectric constants d' and
the loss d" of horn keratin at temperatures between - 160
and 150°C at various hydration levels (21, 17, 11, 8, 5%
m.c. and oven dry), respectively. With increasing temper-
ature, d' slowly increases in the dry state and with
increasing hydration, d' increases below 0°C. Particularly
at 21% m.c., d' steeply decreases beyond 0°C and the
temperature shifts towards higher ones with decreasing
hydration. The loss d" has large negative peaks above 0°C
corresponding to the steep decrease of d' around 0GC.
Hydration-dependent small loss peaks are also found at
-120 and -900C at 21% m.c., which shift towards
higher temperatures with decreasing hydration. Other
loss peak is found at - 700C, which is slightly hydration-
dependent.
Fig. 3 shows the temperature dependence of the pi-
ezoelectric constant e' and the loss e" of horn keratin at
hydrated (21% m.c.) and dry states at temperatures
between - 150 and 1 500C, respectively. In the dry state,
e' increases from -150 to 200C and the slope decreases
beyond 200C. In the hydrated state, e' largely increases
up to 0°C and then it steeply decreases up to 500C and e"
has loss peaks at - 80, - 60, and 400C.
Fig. 4, a and b, shows temperature dependence of the
elastic constants c' and the loss c" of horn keratin with
various hydration levels (21, 17, 14, 11, 8, 5% m.c. and
oven dry). The constants c' decrease with increasing
temperature. With increasing hydration, c' increases
below -700C and decreases above -700C. At 21% m.c.,
c" has three peaks at around - 125, - 10, and -700C.
The peak positions of the former two are fairly hydration
Q O n ao 1
RESULTS
t$o;e Biophysical Journal Volume 56 November 1989
-1
0- 0
xx
.-1
-2
Temperature(C )
b
o- 211*
x- 17
a- 11
+- 8
o- 5
0- ckry
XZ5
-150 -100 -50 0 50 100 150
Temperature °'C)
FIGURE 2 (a) Temperature dependence of the piezoelectric constants d' for horn keratin with hydration levels, 21, 17, 8, 5% m.c. and the dry state.
(b) Temperature dependence of the piezoelectric losses d" for horn keratin corresponding to the hydration levels in a.
dependent and the latter seems to be slightly hydration
dependent.
Fig. 5, a and b, shows the dielectric constants c' and the
loss e" of horn keratin with various hydration levels (21,
17, 14, 11, 8, 5% m.c. and oven dry) at temperatures
between -150 and 500C. The constants f' and e"
increases with hydration levels. The loss e" has a peak at
about -1 250C at 21% m.c., which shift up to - 300C with
decreasing hydration. Two other loss peaks are found at
-100 and - 700C. The former is fairly hydration-depen-
dent and the latter is slightly hydration-dependent.
Fig. 6 shows hydration dependence of the elastic,
dielectric and piezoelectric loss peaks appeared at around
-1200C. The curves of these three kinds of loss peak
almost agree well with each other and they have three
8
o-21%
6
~4
regimes, 0-2.5% m.c. (regime I), 2.5-20% m.c. (regime
II), and >20% m.c. (regime III).
Fig. 7 shows the hydration dependence of c' of horn
keratin. The constant c' at 00C hardly depends on hydra-
tion between 0 and 4% m.c. and decreased at hydrations
>4% m.c. On the other hand, c' at -1 500C increases with
increasing hydration.
Fig. 8 shows the hydration dependence of d' of horn
keratin at -1500C. The curve has a deflection point at
-3.4% m.c. Below 3.4% m.c., d' decreases and above 3.4%
m.c., d' increases with increasing hydration levels.
DISCUSSION
Piezoelectric models of keratin
We will consider possible models of keratin structure
from the piezoelectric measurements. Feughelman (17)
first proposed a two-phase model from the mechanical
measurements, which consists of parallel microfibrils and
a matrix region surrounding them. We first adopt a
piezoelectric two-phase model similar to the Feughel-
man's mechanical model, which consists of a piezoelectric
phase (c; mainly the microfibrils) and a nonpiezoelectric
phase (m; mainly the matrix region) connected in parallel
as shown in Fig. 9 A. (In the piezoelectric model, not only
the mechanical properties but also the dielectric and
piezoelectric properties are introduced.) For Fig. 9 A, the
piezoelectric constants, e and d, are easily formulated as
follows (24).
e = Ocec - em
ecem + kmEc
d == Ocec * 1 em
dmCm + 4dCc OkcEm + 'UEc
(1)
(2)
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FIGURE 3 Temperature dependence of the piezoelectric constants e'
and e" for horn keratin with hydration levels, 21% m.c. and the dry
state.
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FIGURE 4 (a) Temperature dependence of the elastic constants c' for horn keratin with hydration, 21, 17, 11, 8, 5% m.c. and the dry state. (b)
Temperature dependence of the elastic losses c" for horn keratin with hydration, 21, 17, 14, 11, 8, 5% m.c. and the dry state.
where 0km = lm/(lm + IC), Xc = lc/(lm + lI), im and lC
are the thickness of the nonpiezoelectric and piezoelectric
phases, respectively, ec is the polarization per unit strain
of the piezoelectric phase alone, and e and c are the
dielectric and elastic constants in the respective phases
denoted by the subscripts m and c. Further, the dielectric
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for Fig. 9 A can be easily formulated as
EmEc
E - ~~~~~~~(3)
Oc'Em + OkmEC
Temperature( &C)
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FIGURE 5 (a) Temperature dependence of the dielectric constants c' with hydration levels, 21, 17, 14, 11, 8, 5% m.c. and the dry state. (b)
Temperature dependence of the dielectric losses e" for horn keratin corresponding to the hydration levels in a.
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FIGURE 6 Hydration dependence of the piezoelectric, dielectric, and
elastic loss peaks around - 1 200C for horn keratin.
By substituting Eq. 3 into Eq. 1, we obtain
e = (cec4)fc
If we assume ec and Xc, little depend on temperature as
expected as the property of crystalline parts, we get the
following equation from Eq. 4.
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FIGURE 8 Hydration dependence of the piezoelectric constants d' at
-1 500C for horn keratin.
keratin structure. On the other hand, as the elastic
constant c of Fig. 9 A is written as follows.
C = ¢kmCm + 'ccc (5)
and hence the piezoelectric constant d is rewritten from
Eqs. 2, 3, and 5 as follows.
(4')
where e and eo are the piezoelectric constants at any
temperatures T, and T2, respectively, and e and E0 are the
dielectric constants at T1 and T2, respectively.
Experimentally, if T, = -1500C and T2 = OOC, we
obtain e/eo - 1.3 from Fig. 3 and E/eo - 1.4 from Fig. 5 at
dry state. These values agree well with each other as
expected from Eq. 4'. Thus, Fig. 9 A appears good for the
5
4
eV
E
c
V
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d = 0k,e,E/eIc. (6)
Using Eq. 6 under the assumption that ec and kc depend
little on temperature already mentioned, we obtain
d/do = Zco/Eor, (7)
where d and do are the piezoelectric constants at tempera-
tures T, and T2, respectively, and c and c0 are the elastic
constants at T7 and T2, respectively. If T7 = - 150 and
T2= O0C, we obtain dl/do 1.7 by substituting the values
of Z/e0 - 1.4 and c/co - 1.2 (at dry state from Fig. 4 a)
piezoelectric
phase
(m) (1)
(2)
non-piezoelectricA phase
4
I
0 10 20
Water Content (%/ )
A
FIGURE 9 Piezoelectric models of the keratin structure. (A) m, nonpi-
ezoelectric phase; c, piezoelectric phase. (B) Phases 1 and 2 are nonpi-
ezoelectric and piezoelectric, respectively. The size of the respective
phases is denoted by I with subscripts m, c, 1, and 2.
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FIGURE 7 Hydration dependence of the elastic constants c' at -150
and 0OC, respectively, for horn keratin.
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into Eq. 7. On the other hand, we experimentally obtain
d/do - 1.6 at dry state from Fig. 2 a. These values of
d/do agree well with each other. Thus, model A is indi-
cated to be good for the keratin structure again.
On the other hand, at dry state the decrease of the slope
of e above 200C as shown in Fig. 3 cannot be explained by
Fig. 9 A. To understand the behavior, as is described
below we have only to introduce such a model that the
piezoelectric phase has elastically different two parts
connected in series, one is piezoelectric and the other is
nonpiezoelectric. This model is shown in Fig. 9 B and is
found to be similar to a mechanical series zone model
proposed by Feughelman et al. (18). For Fig. 9 B, the
piezoelectric constant e is formulated as follows.
e = e2
O
. (8)
0t2CI + 4O1C2 OcEm + 4klmfI%1E + 0k20m'E2
where the subscripts 1 and 2 refer to the nonpiezoelectric
phase and the piezoelectric phase, respectively, X,I =
1l/(lA + 12), 02 = 12/(A1 + 12), and l is the length of the
respective phases. By using Eq. 8, we can suggest that the
larger decrease of cl than that of c2 against temperature
causes the decrease of the slope of e' above 200C.
Thus, by introducing two serially connected zones with
the different elastic constants (one is piezoelectric and the
other is nonpiezoelectric) into the microfibrils, more exact
keratin model can be obtained.
Actions of bound water in keratin
Keratin appears to have three regimes in the hydration of
water. Fig. 6 shows the hydration dependence of the
piezoelectric, dielectric, and elastic loss peaks, which shift
between -120 and - 300C. The curves of these three
peaks agree well with each other. This fact implies that
the relaxing units are pretty localized and thus the units
are probably related to tightly bound water in keratin.
(We already found the similar hydration-dependent loss
peaks for collagen at - 1200C) (25). Further, the curves
can be divided into three regimes in hydration of water:
(a) hydration levels <2.5% m.c., (b) 2.5-20% m.c., and
(c) >20% m.c. These three regimes are also found in the
curves of Young's modulus vs. hydration for wool fibers
by Speakman (10), which has deflection points at 6 and
21% m.c. Algie and Gamble (7) also found deflection
points at 2% m.c. in a curve of a dielectric absorption
against hydration and at 23% m.c. in the curves d.c.
conductance and dielectric absorption against hydration
for horn and wool. We also found a deflection point in the
curve of the hydration dependence of the elastic constant
c at OOC (Fig. 1) and the piezoelectric constant d at
-1500C (Fig. 8).
We found a viscoelastic transition due to adsorbed
water in the keratin structure at around -700C. As seen
in Fig. 4 a, actions of water are clearly different below
and above -700C. (Similar behavior is also found in
Youngs modulus of wool fibers by Druhala and Feughel-
man [ 1].) For example, the elastic constant at -1 500C
increases with increasing hydration, whereas that at 0°C
hardly changes <4% m.c. and decreases >4% m.c. (Fig.
7). Thus, the viscoelastic transition of the keratin struc-
ture seems to be due to regime b water.
Water in regime a is considered to form water-bridges
between polar sites of polypeptide chains by hydrogen
bonding so as to increase the elastic constant. On the
other hand, water in regime b is considered to adsorb
between the polar groups in the side chains as described
below. We recently observed that after the side chains of
poly(y-methyl-L-glutamate) are made more hydrophilic
with ethylene diamine, the viscoelastic transition appears
at around - 200C in its elastic constants (Maeda and
Ebihara, submitted for publication). On the other hand,
we found only the increase of the elastic constant due to
water for poly(N-isopropylacrylamide) or PNIPAM
below 0°C (26). This behavior may be attributed to the
less hydrophilic groups in its side chains as well as
PMLG. Thus, water molecules, particularly in regime b,
are thought to loosely adsorb around the respective ionic
groups of the side chains to weaken the intermolecular
coulombic interaction above - 700C. The water molecules
in regime b, however, may have some bound states,
according to the results of NMR spectroscopic studies for
hydrated wool by Lynch and Marsden (14, 15).
Adsorption regions
of water in keratin
We consider that the information about the adsorption
sites of water in keratin can be obtained from hydration
and temperature dependence of e and d.
At 21% m.c., d' and e' decrease above OOC with
increasing temperature. (The steep decrease of d' was
also found at - 500C for collagen [25] and wood [27].)
Such decrease of d' and e' is considered to be mainly
attributed to interfacial and electrode polarization which
may be induced by the mobile ions contained in keratin.
Algie (7) demonstrated the e" for keratin at low frequen-
cies can be decomposed of an d.c. conduction and an
interfacial polarization. (For collagen, e" increases with
decreasing frequency, seemingly due to an interfacial
polarization [29]. To understand the ionic effects on e and
d (28, 30), they must be extended to include the electric
conduction in them. For this purpose, the dielectric
constant in Eq. 1 must be replaced by e* = e' -i4ra/w,
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where w is angular frequency and a is electric conductivi-
ty. Thus, e is rewritten as follows (13, 31, 32).
k +m (9)
When the electrode polarization is effective (33), Eq. 8 is
multiplied by E /(, + E9*), where 0Q is a capacitance
which expresses a polarization near the electrode defined
as ER = ER (iw)n-' (O < n _ 1) and e,* is the dielectric
constant defined in Eq. 3 (34). This term cannot be
neglected, as e* becomes larger with hydration. If such
electrode polarization is ineffective, the real part of Eq. 9
is written as follows.
O' = foec
W2Em(ocmen + OmE') + 16r2am(4ocam + 'km'Tc)
(2(46tcE+ 4kmE,)2 + 16ir2(Qcam + 0"mfc)2 (10)
Eq. 10 shows that the increase of am and Emwith tempera-
ture rises e' and the increase of e' and oc can reduce e'.
(The same is true of d'.) The conductivity oc is considered
to be a linear combination of the conductivity in the
surface of the piezoelectric phase and the bulk conductiv-
ity of the piezoelectric phase (35). The surface conductiv-
ity indicates that water molecules may form thin conduc-
tive layers with ions trapped just around the microfibrils.
The increase of the surface conductivity causes interfacial
polarization (Maxwell-Wagner effect) to increase e' and
e" and to decrease d' and e'. On the other hand, as the
electric conduction of the sample, hence E, increases with
temperature, the electrode polarization would become
effective to decrease d' and e'.
In summary, we suppose water molecules appear to at
least adsorb in the amorphous matrix region and just
around the microfibrils. In the amorphous matrix region,
water molecules in regime b appear to induce the increase
of the electric conductivity ar. and the increase of the
mobilities of portions of the peptide chains (that is, the
increase of E' and the decrease of cm) to result in the
increase of d' and e' and the decrease of c'. Water
molecules, particularly in regime c, would adsorb just
around the microfibrils, where they are associated with
each other to form conductive layers with trapped ions
(Haly and Snaith [36, 37] actually reported a clustering
of water 23% m.c. in hydrated wool by measuring its
specific heat). The mobility of the ions trapped in the
layers increases with increasing temperature to induce an
interfacial polarization and hence the piezoelectric polar-
ization of the crystalline a-helices of the microfibrils is
reduced by the ions. However, the mobile ions in the
amorphous matrix region, some of which would be
released from the layers by the regime c water, also seem
to induce electrode polarization and hence decrease the
piezoelectric polarization. Such behavior of the piezo-
electric constant can be seen beyond OOC.
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